Mixed metal vanadate oxides are promising superior anode materials for lithium ion batteries due to their high specific capacities, improved cycling performance and excellent rate properties. In this work, we 
Introduction
Transition metal oxides for anode materials of lithium-ion batteries (LIBs) have attracted much attention owing to their high capacities, eminent initial coulombic efficiencies, and enhanced cycling performance. [1] [2] [3] [4] However, they may undergo various problems such as volume expansion and capacity fading 5, 6 which limit their practical application. Therefore, the morphology and particle size of the transition metal oxides need to be carefully designed and modulated [7] [8] [9] [10] [11] to solve the above issues. Recently, researchers have reported that mixed metal oxides might have better electrochemical performance than single-phase metal oxides, with features such as higher ionic and electrical conductivity, enhanced reversible capacity and improved mechanical stability, [12] [13] [14] [15] which could be attributed to the interfacial effects and the synergistic effects of mixed cation species in the mixed metal oxides. 16 Among various diverse mixed metal oxides, metal vanadates have attracted a lot of interest for their unique morphology and prominent electrochemical properties. [17] [18] [19] [20] [21] [22] [23] [24] 
Experimental section

Sample preparation
Hydrothermal reactions were employed to synthesize Co 3 V 2 O 8 materials. For Co 3 V 2 O 8 micro-plates, 0.374 g of ammonium metavanadate was dissolved into 64 ml of deionized water at 80 C. The solution was kept stirring until its color changed from pale yellow to green. Later, 0.08 g of LiOH H 2 O was dissolved into the above solution, which changed to be transparent and colorless aer several minutes. Subsequently, 0.14 g of CoCl 2 $6H 2 O was added into the mixed solution. Aer stirring for 10 min, the reddish brown transparent solution was transferred into a 100 ml Teon-lined autoclave, tightly sealed, put into an oven and heated at 200 C for 2 h. Aer cooling to room temperature in air, the nal products were washed several times by deionized water and absolute ethanol, and dried at 80 C for 6 h, followed by annealing in air atmosphere at 300 C for 4 h.
For Co 3 V 2 O 8 micro-pencils, all the conditions were kept same as used for Co 3 V 2 O 8 micro-plates synthesis, except the hydrothermal reaction time was changed to 8 h.
Materials characterization
XRD analysis of the prepared samples were performed on a Bruker-D8 Advanced X-ray Diffractometer (Cu Ka radiation: l ¼ 1.5406Å) with a scanning speed of 2 deg min À1 . The morphologies of the prepared samples were observed by eld-emission scanning microscope (FE-SEM, JSM-5900LV, JEOL). TEM, high resolution TEM (HRTEM) and scanning TEM (STEM) images were taken on a JEOL JEM-2100F microscope.
Electrochemical measurement
The electrochemical characterization was performed using 2032-type coin cells with two electrodes, assembled in an Arlled dry glove box with both the moisture and the oxygen content below 1 ppm. 
Results and discussion
Structure and morphology
The EDS results and the XRD pattern of the obtained Co 3 V 2 O 8 micro-pencils are presented in Fig. 1 , which demonstrate the composition and the successful phase selection of Co 3 V 2 O 8 micro-pencils. As shown in Fig. 1(a) and S1, † the EDS results indicate the Co 3 V 2 O 8 micro-pencils are composed of elements O, Co, and V. The detailed atomic ratio of Co/V is presented in Table S1 † and reveals that the atomic ratio of Co/V is $1.67, indicating the formation of Co 3 V 2 O 8 . The XRD pattern in Fig. 1 The SEM image in Fig. 2(a) clearly shows the morphology of the materials manufactured through the hydrothermal reaction for 6 h. A short pencil-like structure with a hexagonal cross section can be observed in the SEM image. The pencil-like Co 3 V 2 O 8 particles have a uniform micro-scale size distribution (i.e., $3 mm in the hexagonal side length and $5 mm in the length). The Co 3 V 2 O 8 micro-pencils exhibited a solid morphology, different from the commonly reported hollow structure 28,38 is favorable for a high tap density and an enhanced volumetric lithium storage capacity when employed as LIB electrodes.
30,39
Both the TEM image with low magnication in Fig. 2(b) and the scanning TEM (STEM) image in Fig. 2(c) can also demonstrated the solid morphology and the hexagonal cross section of the obtained Co 3 V 2 O 8 micro-pencils. The high-resolution TEM image in Fig. 2(d) Fig. 1(b) .
Formation process of Co 3 V 2 O 8 micro-pencils
To understand the growth mechanism of the unique Co 3 V 2 O 8 micro-pencils, sample materials were collected at different reaction time during the hydrothermal process and their morphologies were characterized by SEM. As shown in Fig. 3 , the morphologies of samples garnered at six stages during the hydrothermal reaction lucidly uncovered the formation process of the Co 3 V 2 O 8 micro-pencils. Meanwhile, a proposed formation process of the Co 3 V 2 O 8 micro-pencils and the corresponding schematic plot is presented in Fig. 4 . At the initial stage, nanoscale spherical particles were formed (Fig. 3(a) and 4(a) ) and gradually grow in both longitudinal and transverse directions to Fig. 1(b) . The inset image in (d) is the corresponding SAED pattern.
form microscale large clusters (Fig. 3(b) and 4(b) ). As the reaction continues, hexagonal micro-plates are rst observed, which are probably evolve from the nanoparticle clusters (Fig. 3(b) ). When the reaction continues to 1 h, the hexagonal micro-plates probably undergo a crystallization process because of their more regular shape and smoother surface, as indicated by Fig. 3(c) and 4(c). The hexagonal micro-plates continue to grow both radially and longitudinally and larger diameter and thickness are obtained, which can be derived from Fig. 3(d) . The hexagonal micro-plates start to peel off and the thinner sheets are observed when the reaction time is increased to 4 hours. More interestingly, micro-pencils begin to appear at this stage, as shown in Fig. 4(e) where both the micro-plates and micro-pencils can be clearly detected. Aer reaction for 5 h, the density of Co 3 V 2 O 8 micro-plates is remarkably decreased, while the Co 3 V 2 O 8 micropencils grow rapidly and attain the ultimate pencil-like morphology. When the reaction time is increased to 6 hours, the Co 3 V 2 O 8 micro-plates completely disappear, and only the Co 3 V 2 O 8 micro-pencils exist in the nal products, as shown in Fig. 2(a) . Based on the SEM images in Fig. 3 , it can be concluded that the morphology and size of the products are entirely controlled by the hydrothermal reaction time. Therefore, Co 3 V 2 O 8 with either micro-plate or micro-pencil structures can be successfully fabricated by easily controlling the reaction time.
Moreover, we provided the XRD patterns of the samples collected at the six stages during the hydrothermal reaction in Fig. S3 . †
Electrochemical properties
The electrochemical properties of the obtained Co 3 V 2 O 8 micropencils were characterized using 2032-type coin cells. The cyclic voltammograms (CVs) of the Co 3 V 2 O 8 micro-pencils are presented in Fig. 5(a) , which was obtained at a scan rate of 0.5 mV s À1 and in the potential window of 3 V to 0.01 V. In the rst cathodic sweep, three reduction peaks were found at 1.59 V, 0.49 V, and 0.02 V, respectively, which could be assigned to the reduction of Co conspicuously observed at 1.65 V and 2.35 V. The lower oxidation peak at 1.65 V was owing to the de-alloying of Li- 
where m is the mass of the active materials in electrode in grams (i.e. Co 3 V 2 O 8 in this work), Q is the total electric charge passed through the electrode in coulombs, M is the molar mass of the active materials in grams per mole, n is the number of intercalated/deintercalated Li atoms in the electrodes, and F is the Faraday constant, which is 96 485 C mol À1 . Thus, the theoretical capacity of an active material can be derived from eqn (1) and described as:
where C theory is the theoretical specic capacity of the active material in the unit of mA h g À1 . As we measured the specic capacity of the Co 3 V 2 O 8 micro-pencils, the number of Li atoms per formula unit in lithiation and delithiation can be calculated as 16.1 and 11.2 according to eqn (2), which is close but slightly lower than that of the previous study. Even aer 350 cycles, the capacity still maintained a plateau at $620 mA h g À1 . This similar interesting change behavior of the capacity has also been shown in some other studies. 26, 28 However, the mechanism is not clear and therefore further studies are still required. As shown in Fig. 5(c) , aer the initial discharge/charge, the discharge and charge capacities overlap well with each other, indicating an superb capacity reversibility. The capacity retention is further demonstrated by the calculated coulombic efficiency, which maintain at almost 100% aer the rst cycle. The discharge capacity was measured at different current densities from 100 to 2000 mA g À1 , as presented in Fig. 5(d) . The average discharge capacities of at the current density of 100, 200, 500, 1000 and 2000 mA g À1 are stabilized at 700, 550, 420, 350, and 300 mA h g À1 , respectively, regardless of change direction of the current density, thus revealing the stability of the Co 3 V 2 O 8 micro-pencils in the rate performance. The overlaps between the discharge and charge capacities indicate the high capacity retention ($100%) during the rate performance.
Conclusions
In ). The present study demonstrates the potential of Co 3 V 2 O 8 solid micro-pencils as the promising anode materials for LIB. Hydrothermal approach can also be employed for synthesizing other mixed transition metal oxides for diverse energy storage applications. Nevertheless, further studies should be conducted to shed light on the formation of the Co 3 V 2 O 8 with different morphology, and to ameliorate the electrochemical performances of Co 3 V 2 O 8 related materials.
